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Differential probes have existed for many years and have been produced 
in a variety of configurations. The common feature of these diverse probes 
is that they detect an ac magnetic field gradient, but it is the desired 
direction of gradient detection that results in the numerous design varia-
tions [1 ,2,3]. The probes commonly used in a production shop for nonde-
structive testing (NDT) are invariably wound on ferrite cores because of 
the increased sensitivity that results from the use of high magnetic per-
meability core materials. However, recent advances in the theory of flaw-
field interactions have stimulated interest in the use of air core probes 
[4,5]. The use of air core coils in the detector helps to minimize the 
complexity of the calculations and leaves the experimenter with very ade-
quate tools for verification studies. This theoretical work has been a 
critical element in the development of quantitative eddy current measure-
ments. 
Designing an air core differential probe for optimum sensitivity involves 
geometric as well as electrical considerations. This experiment addresses 
the problem of optimizing pickup coil position inside the excitation coil. 
EXPERIMENT 
The probe used for this experiment consists of an air core excitation coil 
surrounding two air core pickup coils. All three coils have vertical axes 
with respect to the flat test plate. The probe cross section and electri-
cal schematic are shown in Fig.1, and Table 1 gives the dimensions of the 
coils. 
The pickup coils were potted in paraffin and the probe response was mea-
sured for three different pickup coil separations. To clarify the three 
separation distances let r equal the outside radius of a pickup coil, R be 
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Fig. 1. Probe Cross Section and Electrical Connections. 
Table 1 Probe Coil Dimensions 
Excitation Pickup 
Coil Co i ls 
Turns 150 10 
Inner Diameter 4.57 mm (0.180 in) 0.203 mm (0.008 in) 
Outer Diameter 5.79 mm (0.228 in) 0 . 431 mm (0.017 in) 
Length 2.79 mm (0. 110 in) 0. 254 mm (0 .010 in) 
the inside radius of the excitation coil and S be the separation distance, 
the distance between pickup coil centers. The first configuration was with 
the pickup coils adjacent to each other at the center of the excitation 
coil so that S = 2r. In the second arrangement, we placed the coils at the 
1/4 and 3/4 positions on the excitation coi l inside diameter which resulted 
in S = R. In the third separation, the coils were placed at the inside 
edges of excitation coil, where S = 2R - 2r (Fig. 2). At each separation 
distance a set of four measurements was taken on the test plate, then the 
pickup coil separation was changed. This was accomplished by melting the 
paraffin out of the center of the excitation coil, repositioning the pickup 
coils and potting the pickup coils with paraffin again. 
S=2r S=R S=2R-2r 
Fig. 2. Pickup Coil Separation Distances. 
The test plate consisted of four semi-el liptical el ectrical dischar ge 
machined (EDM) notches in a 6061 aluminum plate. The notch dimensions are 
given in Table 2. The operating frequency was 60 kHz, resulting in a skin 
depth of 0 . 43 mm, and the ratio of flaw depth to skin depth was greater 
than 1 for all EDM notches measured. 
At each pickup coil separation the probe was scanned over four EDM notches. 
The scan direction was perpendicular t o the long axi s of each EDM notch and 
the probe was oriented so that the pi ckup coi ls were aligned with t he scan 
direction. The voltage and phase of the pickup coils were measured with a 
lock-in amplifier and recorded as a function of pr obe pos i tion on the f l aw. 
The flaw signal was calculated from the max imum and minimum values of the 
notch scan, i. e. the peak- to-peak amplitude of the pickup coil output . 
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Table 2 Semi-Elliptical EDM Notch Dimensions 
EDM Length Width Depth Area 
Notch mm mm mm mm2 
(in) (in) (in) (in2) 
A 3.698 0.190 0.704 2.05 
( 0.145) (0.007) (0.028) (0.003) 
B 3.818 0.200 0.954 2.86 
( 0. 150) (0.008) (0.038) (0.004) 
c 4.146 0.254 1. 254 4.05 
(0.163) (0.010) (0.049) (0.006) 
D 4.202 0.218 1. 436 4.74 
(0.165) (0.009) (0.057) (0.007) 
Figure 3 shows a typical plot of voltage vs. position for an EDM notch scan 
and the corresponding flaw signal. 
0 
Fig. 3. Typical Notch Scan and Flaw Signal. 
1-
::l 6 
a. 
1-
::l 
0 4 
w 
ID 
0 
a: 2 
a. 
2.0 3.0 4.0 5.0 
FLAW AREA, mm2 
Fig. 4. Linear Relationship of Flaw Signal to Flaw Area. 
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One of the unique features of this class of probes is the linear relation-
ship of the flaw signal to the flaw area [3]. In the case of a rectangular 
notch, the flaw area would be the notch length times the notch depth. We 
took advantage of this effect and used the slope of the the signal vs. area 
plot as the indication of probe sensitivity. The effectiveness of a parti-
cular separation distance was evaluated using this sensitivity criterion. 
SENSITIVITY RESULTS 
The data show a stong dependence of probe sensitivity on the location of 
the pickup coils in the excitation field (Fig. 4). When the separation 
distance was small, S = 2r, the probe showed the least sensitivity. The 
probe calibration for this spacing was 0.34 ~V/mm2 . When the separation 
distance was large, S = 2R-2r, the probe provided a stronger response and 
the calibration was 0.55 ~V/mm2 . The location providing the greatest 
sensitivity was the 1/4 and 3/4 points of the excitation coil inside 
diameter, where S = 2R. This position resulted in a calibration of 0.97 
~V/mm2 . 
PICKUP COIL UNBALANCE 
During a flaw scan using a differential probe in the orientation reported 
here, a smooth bipolar output can be expected from the pickup coils when 
they are symmetrically placed in the excitation field and the two coils are 
electrically balanced. For the probe used in these measurements, the volt-
ages induced in the pickup coils were found to differ by 11.5% when the 
coils were placed in a calibrated ac magnetic field; thus the coils are 
unbalanced. This condition causes two noticeable deviations from ideal 
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Fig. 5. Effects of Pickup Coil Unbalance. 
behavior (Fig. 5). First, when the probe is positioned off the flaw a 
voltage is present proportional to the unbalance of the pickup coils. 
Second, the bipolar signal typically expected does not start at zero and is 
not symmetric. Fortunately, the peak-to-peak amplitude remains linearly 
proportional to the flaw size in spite of the unbalanced voltage. The 
disadvantage is that this unbalanced signal imposes a lower limit on the 
smallest measurable flaw signal because of the problems involved in trying 
to extract a small voltage change from a large background. 
CONCLUSIONS 
For circular pickup coils in a differential configuration, the most sensi-
tive position tested is at the 1/4 and 3/4 positions on the excitation coil 
inside diameter. In many cases, pickup coil windings are designed to fill 
the space available inside the excitation coil which forces the coil 
centers to these locations automatically. 
Unbalanced pickup coils do not affect the linear characteristics of the 
probe but will limit the smallest measurable flaw signal. 
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